We cloned a consensus DNA site for the Escherichia coli FNR protein at different locations upstream of the E. coli melR promoter. FNR can activate transcription initiation at the melR promoter when the FNR binding site is centered around 41, 61, 71, 82, and 92 bp upstream from the transcription start. The SF73 positive control amino acid substitution in FNR interfered with transcription activation by FNR in each case. In contrast, the GA85 positive control substitution reduced activation only at the promoter, where the FNR binding site is 41 bp upstream of the transcript start. The SF73 substitution appears to identify an activating region of FNR that is important for transcription activation at promoters that differ in architecture. Experiments with oriented heterodimers showed that this activating region is functional in the upstream subunit of the FNR dimer at the promoter where FNR binds around 41 bp from the transcript start and in the downstream subunit at the promoters where FNR binds farther upstream.
The Escherichia coli FNR and CRP proteins are both global activators of transcription initiation, interacting at a large number of promoters, their activity being triggered by oxygen and glucose starvation, respectively. FNR and CRP possess related primary sequences, and it is presumed that they have homologous structures and evolved from a common origin (for reviews, see references 8 and 10).
Target sites for both FNR and CRP span 22 bp, accommodating dimers of both activators. A striking feature of CRPdependent promoters is that there is considerable variation in the location of the CRP binding site from one promoter to another. In contrast, at most naturally occurring FNR-dependent promoters, the 22-bp DNA site for FNR is centered near Ϫ41 (8, 10) . Studies in which the same consensus CRP-binding site was cloned at different distances upstream of the same promoter sequence showed that bound CRP could activate transcription when the center of the CRP dimer was located around Ϫ41, Ϫ61, Ϫ71, Ϫ81, or Ϫ91 bp upstream from the start site (7, 11) . In a parallel study, Bell and coworkers (2) cloned the same DNA site for FNR at different distances upstream of the same core promoter sequence (covering the Ϫ35 region, the Ϫ10 region, and the transcript start). Experiments with the resulting series of promoters showed that FNR was an efficient transcription activator when centered near Ϫ41 but functioned poorly when centered near Ϫ61 and failed to activate transcription when bound farther upstream (2) . We reexamined this observation in this work: we found that alteration of the Ϫ35 region of the core promoter sequence permits the construction of a series of semisynthetic FNR-triggered promoters that are active when the DNA site for FNR is centered near Ϫ41, Ϫ61, Ϫ71, Ϫ82, and Ϫ92.
By analogy with CRP, it is probable that FNR activates transcription at target promoters by making direct contact with RNA polymerase (4, 8, 13) . The locations of these contact sites in FNR have been mapped by positive control substitutions that identify amino acid side chains likely to be involved directly or indirectly in contacts with RNA polymerase but do not interfere with FNR binding to target sites or the triggering of FNR by anaerobiosis (1, 13) . The GA85 and SF73 substitutions in FNR identify two separate activating regions that are involved in the positive control of transcription. In this study, we investigated the role of the regions defined by the GA85 and SF73 substitutions at our series of FNR-activated promoters with the DNA site for FNR located at different positions. Additionally, we exploited the method of oriented heterodimers (15) to identify the FNR subunit carrying the functional activating region.
MATERIALS AND METHODS
The mutant ⌬lac strains E. coli M182 fnr ϩ and JRG1728 ⌬fnr were used throughout this work as described before (1, 2) . The plasmids used in this work are listed in Table 1 . All of the promoters used were cloned on EcoRI-HindIII fragments and were shuttled between pAA121 (for manipulation) and pRW50 (for lac fusions and assays). The various promoters are described in Table 2 . Standard recombinant DNA, site-directed mutagenesis, and sequencing technologies were used as in our previous work (1, 2, 5, 7) .
The starting promoter was FFϩ31pmelR, a semisynthetic promoter constructed previously (2) , containing a consensus DNA site for FNR cloned upstream of the E. coli melR promoter Ϫ10 and transcription start regions (Fig. 1) . The DNA fragment carrying this promoter is bounded by EcoRI and HindIII sites located 108 bp upstream and 265 bp downstream of the melR transcript start point, respectively. The FNR site at this promoter is centered between bp Ϫ72 and Ϫ73 upstream from the melR transcript start site (by convention, this is referred to as Ϫ72.5).
The FFϩ31pmelR promoter carrying a 1-bp deletion at Ϫ30 was named FF(Ϫ71.5) and used as the starting point for construction of the FF(Ϫn) series of promoters with the FNR-binding site at different locations (Fig. 2) . To make FF(Ϫ97.5), synthetic oligonucleotides 5Ј-GATCCCGGGAGCTCGAGATATC TAGA-3Ј and 5Ј-GATCTCTAGATATCTCGAGCTCCCGG-3Ј were annealed and inserted into the BamHI site of FF(Ϫ71. 5) 5) , and FF(Ϫ71.5) promoters were constructed as described previously (1) . The base sequence of each promoter derivative, cloned in pAA121, was checked by double-stranded DNA sequencing with the T7 sequencing kit from Pharmacia.
To measure promoter activities, EcoRI-HindIII fragments carrying the different promoters were cloned into lac expression vector pRW50 and the resultant recombinants were transformed into M182 fnr ϩ or JRG1728 ⌬fnr cells. ␤-Galactosidase levels were measured, as described previously (1, 2) , during anaerobic growth in Lennox broth supplemented with 0.4% glucose. To measure the effects of different fnr mutations on expression, pFNR encoding wild-type FNR, FNR GA85, or FNR SF73 was introduced into JRG1728 cells carrying different pRW50 derivatives. As a control, pFNR-JK13, a pFNR derivative carrying a deletion of the fnr gene, was employed. In oriented heterodimer experiments, two compatible plasmids carrying different fnr mutants were introduced into JRG1728 cells carrying pRW50 derivatives. FNR EV209 was encoded by pHW1, a pLG339 derivative into which EV209 fnr was cloned. Wild-type FNR and FNR SF73 were encoded by pFNR and the SF73 derivative.
In vivo transcript start points at different promoters were determined by primer extension as in our previous work (5) . As a probe, we used synthetic oligonucleotide 5Ј-CGGGCTGCGGGTCTG-3Ј, which is complementary to the sequence from ϩ62 to ϩ76 downstream of the melR transcription start site.
RESULTS
FNR-dependent promoters carrying DNA sites for FNR at ؊71.5. The starting point of this work was a series of semisynthetic promoters constructed by Bell and coworkers (2) in which a consensus DNA site for FNR (FF) was cloned at different locations upstream of a DNA segment carrying the melR transcription start site. These promoters were cloned on EcoRI-HindIII fragments into broad-host-range lac expression vector pRW50, and FNR-dependent, anaerobically inducible lac expression was measured. Bell and coworkers (2) showed that FNR could trigger strong activation at the starting promoter with the FNR-binding sequence centered at Ϫ41.5 (FFpmelR). With the FNR-binding site at Ϫ61.5 (FFϩ20pmelR), some activation was observed (10% of the level obtained with FFpmelR), but activation was hardly detectable with the FNRbinding site at other positions. For example, M182 fnr ϩ cells carrying the FFϩ30pmelR and FFϩ31pmelR promoters (with the FNR-binding sites centered at Ϫ71.5 and Ϫ72.5, respectively) cloned in pRW50 gave Lac Ϫ colonies on MacConkey lactose indicator plates, and measured ␤-galactosidase activities were barely above the background levels. However, with prolonged incubation, these Lac Ϫ colonies were overgrown by Lac ϩ colonies. Starting with M182 cells containing pRW50 carrying the FFϩ31pmelR promoter, 20 independent Lac ϩ colonies were purified: in each case, the Lac ϩ phenotype of the colony was due to mutations in the FFϩ31pmelR promoter fragment cloned in pRW50. In 18 of the 20 cases, the mutations caused an increase in both aerobic and anaerobic expression of ␤-galactosidase, expression being FNR independent (this was verified by transfer of the mutant plasmids to ⌬fnr strain JRG1728). However, in two of the cases, the activity of the mutated FFϩ31pmelR promoter derivatives was anaerobically inducible and FNR dependent. These two cases carried 1-bp deletions (at Ϫ28 or Ϫ30) in the FFϩ31pmelR promoter (Fig.  1A ). Although these deletions moved the center of the DNA site for FNR from Ϫ72.5 to Ϫ71.5, this was unlikely to be the reason for the increase in FNR-dependent promoter activity, since the previously characterized FFϩ30pmelR promoter was inactive. To confirm this, we used site-directed mutagenesis to create 1-bp deletions in FFϩ31pmelR farther upstream, at Ϫ42 and Ϫ55: neither of these deletions conferred significant activity on the FFϩ31pmelR promoter (Table 3) .
Semisynthetic promoters carrying FNR sites at various locations. The 1-bp deletions at Ϫ28 and Ϫ30, described above, created active FNR-triggered promoters with the DNA site for FNR centered at Ϫ71.5. In this work, we focused on the FFϩ 31pmelR promoter carrying the deletion at Ϫ30, which we renamed FF(Ϫ71.5) for simplicity and to harmonize with related work on CRP-dependent promoters (17) . The likely explanation for the activity of FF(Ϫ71.5) is that the 1-bp deletion at Ϫ30 improves the Ϫ35 region, changing the hexamer from 5Ј-TAAAGA-3Ј to 5Ј-TTAAAG-3Ј. This was confirmed by using site-directed mutagenesis to return the Ϫ35 region of FF (Ϫ71.5) from 5Ј-TTAAAG-3Ј to 5Ј-TAAAGA-3Ј (Fig. 1B) . This resulted in a reduction in the FNR-dependent activity of FF(Ϫ71.5) by greater than 15-fold (data not shown).
The FF(Ϫ71.5) construct is the first reported FNR-dependent promoter with the FNR site centered at Ϫ71.5 with re- Fig. 2 : the center of the FNR-binding site differs from Ϫ104.5 to Ϫ41.5, and this location is used to denote the promoter. The activity of each promoter construct was measured in vivo. To do this, the EcoRI-HindIII fragment carrying each promoter was cloned in low-copy-number lac fusion vector pRW50, the recombinants were transformed into M182 ⌬lac fnr ϩ cells, and ␤-galactosidase expression was measured during growth in anaerobic conditions. Figure 3 shows that promoter activity is critically dependent on the location of the FNRbinding site. Clear peaks of activity were seen when the FNRbinding site was centered at Ϫ41.5, Ϫ61.5, Ϫ71.5, Ϫ82.5, and Ϫ92.5, although the activity of the FF(Ϫ92.5) promoter was (Fig. 4) show that transcription at each promoter initiates at the same position. Substitutions in FNR that interfere with transcription activation. The single-amino-acid substitutions GA85 and SF73 in FNR identify two separate surface-exposed regions that are involved in transcription activation. These substitutions were identified after a screen for fnr mutants that reduced transcription activation at the FF(Ϫ41.5) promoter without affecting FNR binding to target sites (1): most likely, they identify two distinct activating regions in FNR that make contact with RNA polymerase during transcription activation at FF(Ϫ41.5). Figure 5 shows the result of an experiment done to investigate the role of these activating regions at the series of FNR-dependent promoters described above. Starting with ⌬fnr strain JRG1728 carrying the different promoters cloned into pRW50, wild-type fnr, fnrGA85, or fnrSF73 was introduced on a second plasmid and anaerobically induced ␤-galactosidase expression was measured. The results in Fig. 5 show that expression from the a ␤-Galactosidase activities (expressed in Miller units) were measured in exponentially growing M182 or JRG1728 cells carrying different promoters cloned in broad-host-range lac expression vector pRW50. Cells were grown anaerobically in Lennox broth supplemented with 0.4% glucose and 35 g of tetracycline per ml exactly as in our previous work (1, 2). Each measurement was made at least three times on independent transformants. The data shown are averages of at least three determinations that differ by no more than 10%.
FF(Ϫ41.5), FF(Ϫ61.5), FF(Ϫ71.5), FF(Ϫ82.5), and FF(Ϫ92.5) promoters is FNR dependent. Expression from FF(Ϫ41.5) was

FIG. 3. Activities of the FF(Ϫn) series of promoters. The bars indicate ␤-galactosidase expression in M182 fnr
ϩ or JRG1728 ⌬fnr cells carrying pRW50 derivatives, encoding the lac operon under the control of different FNR-dependent promoters. The promoters, listed in Fig. 2 , carry DNA sites for FNR at different positions and are designated by the location of the center of the 22-bp FNR-binding sequence. ␤-Galactosidase activities are expressed in Miller units, and assays were performed as described in the footnote to Table 3 .
FIG. 4. Mapping of the transcript start point at different FNR-dependent promoters.
Shown is an autoradiogram of a gel on which DNA products were analyzed after extension of a labelled primer that had been hybridized to total RNA extracted from M182 fnr ϩ cells carrying pRW50 into which different FNR-dependent promoters had been cloned. The arrows show the location of the extension product due to transcripts starting at ϩ1, the melR transcript start site shown in Fig. 1 . Lanes: A and B, sequence calibrations; C, extension product after primer hybridization to RNA from cells carrying pRW50 carrying the melR promoter (as a marker for the melR transcript start at ϩ1); D, extension product after primer hybridization to RNA from cells carrying pRW50 with no inserted promoter; E, as above but with pRW50 carrying the FF(Ϫ41.5) promoter; F, as above but with pRW50 carrying the FF(Ϫ61.5) promoter; G, as above but with pRW50 carrying the FF(Ϫ71.5) promoter; H, as above but with pRW50 carrying the FF(Ϫ82.5) promoter; I, as above but with pRW50 carrying the FF(Ϫ92.5) promoter.
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on September 7, 2017 by guest http://jb.asm.org/ reduced by both the GA85 and SF73 substitutions, confirming our previous result (1). However, with the promoters carrying the FNR-binding site farther upstream, only the SF73 substitution interfered with FNR-triggered activity, suggesting that only one of the two possible activating regions is functional. Interestingly, at each of these promoters, the GA85 substitution caused a clear increase in FNR-dependent transcription activation. Identification of the active FNR subunit at different promoters. From the results in Fig. 5 , we conclude that the activating region in FNR identified by the SF73 substitution is essential for transcription activation at the FF(Ϫ41.5), FF(Ϫ61.5), FF (Ϫ71.5), FF(Ϫ82.5), and FF(Ϫ92.5) promoters. Since FNR is functional as a dimer of identical subunits at these promoters, it is possible that the activating region is functional in both subunits or just in either the upstream or the downstream subunit. To investigate this, we used the method of oriented heterodimers (15) which was previously applied to FNR by Bell and Busby (1) . This method relies on alteration of either the upstream or the downstream half of the 22-bp FNR-binding sequence at a target promoter from 5Ј-AAATTTGATGT-3Ј (designated F) to 5Ј-AAATTTAATGT-3Ј (designated Y). This creates the hybrid DNA sites for FNR, YF and FY, with the altered half site located either upstream or downstream, respectively. These altered sites were incorporated into FF (Ϫ41. Bell and Busby showed that wild-type FNR is unable to recognize the altered Y half site, while FNR carrying the EV209 substitution can bind to Y half sites. Thus, heterodimers between wild-type FNR and FNR EV209 (which form in JRG1728 cells on the introduction of two compatible plasmids, each encoding different fnr genes) bind to hybrid sites, with the FNR subunit carrying wild-type DNA-binding specificity occupying the F half site and the FNR EV209 subunit with altered DNA-binding specificity occupying the Y half site. In these experiments, the SF73 substitution was introduced into the FNR subunits with wild-type DNA-binding specificity.
Plasmid pHW1, a pLG339 derivative encoding FNR EV209, was introduced into JRG1728 ⌬fnr cells carrying the FY (Ϫ41.5), YF(Ϫ41.5), FY(Ϫ61.5), YF(Ϫ61.5), FY(Ϫ71.5), and YF(Ϫ71.5) promoters cloned in pRW50. These cells were then transformed with pFNR SF73 encoding FNR with wild-type binding specificity but an altered activating region. The data in Table 4 show that for each pair of promoters [e.g., FY(Ϫ41.5) and YF(Ϫ41.5)], introduction of FNR SF73 caused a small increase in expression for one promoter and a substantial decrease in expression for the other. The simplest interpretation is that in one orientation, the SF73 substitution interferes with transcription activation but has no effect in the other orientation. The data in Table 4 show that expression was substantially blocked by FNR SF73 at the FY(Ϫ41.5), YF(Ϫ61.5), and YF (Ϫ71.5) promoters. Since the heterodimers target FNR SF73 to the F half site in each case, we concluded that the activating region defined by the SF73 substitution is functional in the upstream subunit at FF(Ϫ41.5) and in the downstream subunit at FF(Ϫ61.5) and FF(Ϫ71.5).
DISCUSSION
A striking difference between CRP-and FNR-activated promoters is that while the location of the DNA site for CRP at target promoters varies greatly from one case to another, the DNA site for FNR is mostly found centered 40 to 45 bp upstream from the transcript start. However, several pieces of evidence indicate that FNR, like CRP, can activate transcription when situated at different positions at promoters. First, Spiro and Guest (9) showed that mutant FNR, with an altered DNA-binding preference, could substitute for CRP in activating transcription at the E. coli lac promoter (recall that the DNA site for CRP at the lac promoter is centered at Ϫ61.5). Furthermore, conversion of the lac promoter DNA site for CRP into a DNA site for FNR transferred lac expression to the FNR regulon (14) . Second, Bell et al. (2) reported that the semisynthetic FFϩ20pmelR promoter carrying an FNR site at Ϫ61.5 was active, although only weakly active. Third, Darwin and Stewart have recently shown that the FNR site at the E. coli aeg46.5 promoter is centered at Ϫ64.5 (6) . We have shown that in the FF(Ϫn) series of promoters described here, FNR bound to the same DNA site is able to activate transcription a ␤-Galactosidase levels were measured in JRG1728 cells containing pRW50 derivatives into which different FNR-dependent promoters had been inserted. The cells also contained two plasmids encoding fnr: pHW1, a pLG339 derivative encoding FNR EV209, and pFNR, encoding wild-type FNR or the SF73 mutant. Note that pFNR is present at a higher copy number than pHW1, and hence there is an excess of wild-type FNR or FNR SF73 over FNR EV209. Cells were grown anaerobically in Lennox broth supplemented with 0.4% glucose, 35 g of tetracycline per ml, 25 g of kanamycin per ml, and 80 g of ampicillin per ml.
b The data for FY(Ϫ61.5) and YF(Ϫ61.5) were obtained with promoters derived from the FFϩ20pmelR promoter described by Bell and coworkers (1, 2) rather than the FF(Ϫ61.5) promoter in As a control, a pFNR derivative carrying the JK13 null deletion in fnr was used. ␤-Galactosidase activities are expressed in Miller units. Cells were grown in Lennox broth supplemented with 0.4% glucose, 35 g of tetracycline per ml, and 80 g of ampicillin per ml, and assays were performed as described in the footnote to Table 3. from a variety of different distances upstream of the same transcription start region, allowing us to conclude that FNR is as versatile as CRP in the range of promoter architectures from which it can function. Interestingly, our previous attempts to create a homologous series of FNR-dependent promoters, based on a similar series of CRP-dependent promoters, were unsuccessful, as the resultant promoters were poorly active (2) . The activity of the present FF(Ϫn) series of promoters can be attributed to an improved Ϫ35 region sequence, suggesting that FNR-dependent promoters have a more stringent requirement for particular Ϫ35 region sequences than do CRP-dependent promoters. With the FF(Ϫn) promoters, the optimal distances for promoter activation by FNR are Ϫ41.5, Ϫ61.5, Ϫ71.5, Ϫ82.5, and Ϫ92.5. The simplest explanation for the face of the helix dependence for activation is that FNR-RNA polymerase contacts are required for activation and that these contacts are possible only when FNR is correctly positioned.
In previous work, the activating regions of FNR have been located by identification of positive control mutants defective in transcription activation at the FF(Ϫ41.5) promoter (1, 13). The SF73 and GA85 substitutions identify distinct regions of FNR that are likely to make direct contact with RNA polymerase during transcription activation at this promoter. Our results show that while the activating region associated with S73 is essential for transcription activation at the FF(Ϫ41.5), FF(Ϫ61.5), FF(Ϫ71.5), FF(Ϫ82.5), and FF(Ϫ92.5) promoters, the activating region associated with GA85 is essential only at FF(Ϫ41.5). The similarity to CRP-dependent promoters is striking. One activating region of CRP, amino acids 156 to 164, is essential for transcription activation both at promoters where the CRP site is located around Ϫ41 (class II promoters) and at promoters where CRP binds farther upstream (class I promoters) (13, 16) . In contrast, another activating region of CRP, amino acids 52 to 58 (structurally equivalent to the FNR activating region defined by GA85), is functional only at class II promoters, where the CRP site is located around Ϫ41 (4, 12, 13). Furthermore, the spacing requirements for CRP-and FNR-dependent activation are similar, suggesting that the different activating regions of CRP and FNR interact with RNA polymerase analogously.
In previous work, we showed that the effect of the GA85 substitution on transcription activation at FF(Ϫ41.5) is transmitted by the downstream subunit of the FNR dimer. Here we have shown that the SF73 substitution interferes with a contact involving the upstream subunit of the FNR dimer. Thus, both the upstream and downstream subunits of FNR appear to make (different) contacts with RNA polymerase at FF(Ϫ41.5). This is very similar to the situation at class II CRP-dependent promoters, where the CRP dimer is centered near Ϫ41: both CRP subunits contact RNA polymerase, with one activating region, amino acids 156 to 164, making contact via the upstream subunit and another activating region, amino acids 52 to 58 (the region equivalent to the FNR activating region defined by GA85), making contact via the downstream subunit (4, 17) .
Further parallels between FNR and CRP are apparent on comparison of the promoters where FNR and CRP bind farther upstream (class I promoters). In these cases, only one activating region is involved, i.e., amino acids 156 to 164 in CRP and the FNR activating region identified by the SF73 substitution. Additionally, with both FNR and CRP, this activating region is functional solely in the downstream subunit of the activator dimer (17; this work). In the case of class I CRP-dependent promoters, it is known that this activating region contacts a site in the C-terminal domain of the RNA polymerase alpha subunit, and it has been suggested that the stringent spacing requirements for activation by CRP result from the need that this contact be made (3, 16, 17) . The similarities between CRP and FNR suggest the same explanation for the observed spacing requirements for activation by FNR, and Fig. 6 illustrates a likely arrangement of FNR and RNA polymerase subunits at the different FNR-dependent promoters. At promoters where the FNR dimer is centered at Ϫ61.5, Ϫ71.5, Ϫ82.5, or Ϫ92.5 (class I promoters), the FNR dimer binds upstream of RNA polymerase, with the activating region defined by SF73 in the downstream FNR subunit making contact with the C terminal of the RNA polymerase alpha subunit. At FNR-dependent promoters where the FNR dimer is centered at Ϫ41.5 (class II promoters), FNR is embedded in the RNA polymerase. We envisage that the C terminal of the RNA polymerase alpha subunit is located upstream of the FNR dimer and contacts the SF73 activating region in the upstream FNR subunit, while the GA85 activating region in the downstream FNR subunit makes contact with other parts of RNA polymerase.
